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Abstract
The general concept of this project is to design, simulate, and build a biogas separator system
that will also store the separated methane and carbon dioxide within pressure vessels. This
system is constructed of many subcomponents that will combine to separate the biogas and store
the methane (CH4) and carbon dioxide (CO2). The components included in the project consist of
a liquid-gas separator vessel, two heat exchangers, one methane gas compressor, and one
pressure vessel each to hold methane and carbon dioxide each. While the base goal in this project
was to design and simulate the necessary parts to theoretically complete the process of separating
the methane from the carbon dioxide, a 1:1 scale model of the system to demonstrate simulated
designs or if possible provide a working model of the design system was also undertaken. Using
the thermodynamic properties of methane and carbon dioxide, the biogas is first compressed and
then cooled back to room temperature. At the increased pressure, carbon dioxide is in the liquid
state while methane remains a gas at room temperature. This allows the utilization of liquid-gas
separator to separate the liquid carbon dioxide from the gaseous methane. The liquid carbon
dioxide is then stored in a vessel directly from the separator. The gaseous methane is then again
to be compressed and cooled to the working pressure needed and stored within a pressure vessel.
Because the system is in its beginning iterations, an actual working prototype was sought after,
but the preliminary stages of design, simulation, and proof of concept were focused on. Even
with these three preliminary stages being focused on, a prototype was still created that will
provide an excellent starting point for future teams taking this project to the next iterations of the
design process.
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Introduction
Background
Methane, similar to natural gas, is used for a variety of applications to provide energy.
Some of these uses consist of heating or fuel for vehicles. One-way methane can be obtained is
through biogas. Once separated from carbon dioxide and small percentages of other gases,
methane can be used for the variety of applications for generating energy. While the methane in
biogas can be separated in a variety of ways often requiring large machinery or high costs, one
way to complete this separating is through the different thermodynamic properties of methane
and carbon dioxide. At the pressure 1070 psi, or above, and 305 K, or below, carbon dioxide is in
its liquid state while methane is still a gas. Using these thermodynamic properties, a liquid-gas
separator would be an efficient way to separate the liquid carbon dioxide from the gaseous
methane.
Problem Posed and Need
The problem posed for this project was to build a biogas separator to be used by a single
person in order to obtain methane gas to be used for a wide variety of applications. There is a
need of this product due to the ever-growing push to look for alternatives to gasoline for
automobiles and even other uses worldwide. One issue in using a vehicle that runs on
compressed natural gas is the limited number of refill stations when compared to more popular
fuel sources such as gasoline. This system will replace that need with a convenient alternative
that can be used on an individual basis.
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Objective
The objective of this project is to design, simulate, and build a system that will separate
biogas into methane and carbon dioxide. This will be completed using the thermodynamic
properties of the two major components of biogas so that they can be separated using a liquid-gas
separator. Once separated, the methane is to be stored at 3500 psi within a light-weight pressure
vessel.
Definition of Problem
This problem is defined by the need for a small-scale alternative to obtain methane from
biogas.
Scope and Limitations
The scope of this project covers a wide range of engineering subjects due to the entire
system consisting of different components. In order to ensure that the working fluids are at the
correct temperatures and pressures, thermodynamic must be used to optimize the cooling of the
working fluid without large pressure drops. The separating of the biogas within the biogas
separator consist of fluid dynamics and the thermodynamic states that the methane and carbon
dioxide are in while at specific temperatures and pressures. The storage tank for the separated
methane falls under a pressure vessel and a mixture of fluid dynamics and failure must be
considered to ensure safety for the user. Overall, the system as a whole, must be able to operate
while the working fluid is at a wide range of temperature and pressures, and also being safe for
the user. The limitations of this project were the manufacturability of some components of this
system and the costs associated with this along with the time constraint of about five months. To
help reduce cost, as many parts as possible were completed within the labs at Floyd Hall of
3

Western Michigan University. Where it was cost-efficient and makes sense with time constraints,
parts of this system were purchased in an as ready to use as possible condition.
Requirements
The requirements of this project for this system are to separate biogas and store the
methane within a storage tank. The mass flow rate of the biogas, assumed to be 50% methane
and 50% carbon dioxide, is considered to be 15 kilograms per hour. The separator needs to be
able to efficiently separate the gaseous methane from the liquid carbon dioxide without the flow
backing up. This will be completed with flow control valves to ensure that the carbon dioxide
stays in the range to allow for flow without completely emptying the separator and causing the
system to lose pressure. Once the methane is separate there needs to be a compressor that is
capable of taking methane gas from 1070 psi to 3500 psi. Finally, at the end of the process the
pressure vessel needs to safety store the methane gas at 3500 psi. Overall this system was to be
as light-weight (around 20kg) and cost efficient as possible.

Decision Making
Heat Exchangers
The major constraints for the heat exchangers were mass, size, price, and without using
any cooling fluid such as water. To satisfy these constraints a forced convection tubed-fin heat
exchanger was decided to be the best option for the cooling system. A common tubed-fin heat
exchanger is a car radiator in which engine coolant is cooled by passing through a fin array under
forced convection from both the radiator fans and vehicle motion. Another decision in the design
of the heat exchangers was the material for the fin array, this was chosen to be 6061-T6
aluminum because of its low density and high thermal conductivity.
4

Liquid – Gas Separator
Size and weight of the entire system is to be minimized where possible. Operating at such
elevated pressures subjects the components of the system to high strain levels. The gas liquid
separation phase benefits from the lower mass flowrates in that the separator sizing parameters
are significantly smaller than what is commonly seen in industry (proven in design section
below). Depending on the separator type this saves on weight but does not leave much room for
liquid collection. The higher the liquid level inside the separator the smaller the volume, with a
constant pressure from the compressors upstream temperature will increase leading to a drop in
effectiveness. Keeping a steady working pressure inside the separator will only add to its
efficiency.
The Souders-Brown (SB) equation was the main vehicle for preliminary design of the
separator. This method looks at the sizing parameters of a vertical or horizontal gas liquid
separator by calculating a maximum vapor velocity (V), then choosing a k-value based on V and
calculating the tabulated sizing parameters.
Horizontal separators are seen more in oil/water separation where there is a solid
sediment in the flow. A vertical style was chosen for its small footprint while still having liquid
holding capabilities. Using the SB method to size our separator, it became clear that for such
slow mass flowrates the separator would be small. The method uses the k-value to calculate a
minimum internal diameter for a mass flow rate of 30 kg/hr this diameter was 2.2 cm. Applying
an aspect ratio of 3 to 4 to the calculated diameter gives a separator over 2m tall.
Further into the design it became clear that Western Michigan University's Floyd Hall did
not have the capability to fabricate a separator of this design. Didion Separator out of Bellevue
5

Ohio lent their expertise in sizing a separator to closely meet the design while being comparable
enough to one of their current models to facilitate fabrication. Figure 1 below shows the
separator the Didion Separator built.

Figure 1: Didion Gas Liquid Separator
Methane Storage Tank
As already mentioned, the primary design decisions needing to be determined in regards
to the pressure vessel of this system is the weight requirement. A maximum weight goal was set
at 10 kg unfilled. There were not geometric shape requirements and the design parameters were
set at a design pressure of 3,500 psi and the ability to hold 5 kg of methane at this pressure. Due
6

to the wall thickness needing to two times in the circumferential direction (hoop stress) when
compared to in the longitudinal direction, the weight of a spherical pressure vessel would be
lighter than a cylindrical pressure vessel of the same volume. When analyzing pressure vessel
types, there are four different types being manufactured for consumer products. Examples of
these four types of pressure vessels are shown below in Figure 2 along with a simple description.
Because the spherical geometry was chosen for this application, a type II pressure vessel could
no longer be considered due to not being possible in a spherical shape. Also due to cost,
complexity in design, and less time on the consumer market, a type IV pressure vessel was also
eliminated. This left type I and III pressure vessels to be considered before calculations were
done. As mentioned in the Design section, after the wall thickness calculations were completed
for the minimum wall thickness of a type I steel pressure vessel, the minimum weight of the
vessel would be about 42.6 kg, very much over the maximum weight goal. A type I aluminum
pressure vessel was also considered as the weight should be reduced, but after the same
calculations were completed, the weight was still over the maximum weight goal at 22.7 kg.
Because of a type I vessel being over the weight goal, the type III pressure vessel was considered
research was done on the density and ultimate tensile strength of both metals and composites
commonly used in these types of pressure vessels, Aluminum 5083 was chosen for the metal
liner and a Carbon Fiber wrapping was chosen for the composite. After a safety factor of 2.35
was applied to the design pressure, higher than the minimum 2.25 safety factor of DOT FMVSS
304 and meeting the minimum 2.35 safety factor of ISO 11439, the weight was determined to be
about 7.9 kg, within the 10 kg weight goal. This also leaves room for possible wall thickness
increases determined from simulation. After consideration of the vessels described, the type III
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pressure vessel was chosen to move forward with for simulation testing and consideration for
this project.

Figure 2: Pressure Vessel Differences

Benchmarking
Heat Exchangers
Bench marking for the heat exchanger begins with finding the ASTM standard for
aluminum and aluminum-alloy drawn seamless tubes ASTM B210 [3], and aluminum and
aluminum-alloy seamless condenser and heat exchanger tubes with integral fins ASTM
B404/B404M-02 [4]. Researching the special requirements for coiled tubes from ASTM B210
gives insight on the required standards used in coiling the tubes used in the heat exchanger.
However, the standard B404/B404M-02 was withdrawn in 2006 without replacement because
the industry no longer needs the standard as most fins are no longer integral with the tube but
rather separated from the tubing. Using the standards given by ASTM B240 the heat exchanger
tubing is designed to work with the pressure of the system with a factor of safety applied.
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Liquid – Gas Separator
Due to the custom nature of the separator unit. There are no available standards used for
this specific application. However, given the high operating pressures the ASME BPVC 2017
standard applies similarly to a type I, all metal, pressure vessel.
Methane Storage Tank
The primary benchmarking for the methane storage tank of this project was completed to
determine the required standard to be designed too. While it was found that the ASME boiler and
pressure vessel code section X set the safety factor of the service pressure, burst pressure, to 5.00
[13], talking to companies that design and build pressure vessels nationwide, DOT FMVSS 304
is the standard that is more commonly used. This standard directly applies to type 3 pressure
vessels which utilize a metal liner reinforced with a composite liner. The key design
specification within DOT FMVSS 304 is to have a burst pressure that is related to the service
pressure by a safety factor of 2.25 [14]. An example of this standard stated on a common
compressed natural gas pressure vessel can be seen in the “Prototype” section of this report
(Figure 61). Another common standard for Type III pressure vessels is ISO 11439 which places a
minimum safety factor of 2.35 on the service pressure [10]. Also, to follow what is commonly
implemented in type 3 pressure vessels, common materials for their respective layer were used.
For the metal liner, a steel or aluminum alloy is most commonly used and Aluminum 5083
selected. For the composite layer, many good options are available that offer a high tensile
strength compared to a low density, but only a few have been reliably used since the type 3
pressure vessels have entered the consumer market. The material chosen for this project, Carbon
Fiber, was picked due it both having great material properties concerning pressure vessels and
for the large amount of time on the consumer market and research done on, while remaining on
9

the less expensive end of composite materials for the wrapping of type 3 pressure vessels. More
detail about the specific material properties of each component can be seen in the “Decision
Making” and “Design Process and Methods” of this report.

Design Process and Methods
Heat Exchangers
The biogas fluid cooling in the system has the following constraints, the design is to be
for comercial use in places where there could be no running water, minimize mass and price, and
if forced convecttion is neccesary, then minimize the power input. Based on the constraints listed
above, a tube-fin heat exchanger with forced convection is the best option for the design.
The heat exchangers used in the system are designed using the mathmatical software MathCad.
The first step in the design process was to find the fluid properties of each substance at the film
temperature, given by the intial inlet temperture from the compressors and the desired final
temperature at the outlet. Once the properties are defined the required heat dissipation is
calculated using the 1st Law of Thermodynamics:

assuming steady-state, no

work, and neglecting kinetic and potential energy, however for heat exchanger 2 the process for
calculating the required heat dissipation becomes more complicating due to the phase change
involved. Thus for each gas constitute the heat dissipation is calculated as above, but for the
phase change from the CO2(g) to CO2(l) the Claperyon-Clausius Equation must be used the find
the enthaply of condensation in conjuction with the 1st Law : Q = ṁhfg .

Claperyon-Clausius Equation:
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Figure 3: Required Heat Dissipation for each Heat Exchanger

The next step in the design process was to find a suitible tube size, that would meet the pressure
and temperature requirments with design factor of saftey. This was completed by using
Boardman Formula (ASTM B210):

with a Saftey Factor(SF) = 2,

Outside Diameter(OD) = 0.1875in, and tube thickness (t) = 0.035in.
Heat Exchanger

Yeild Strength @ Max

Maximum Working

Required Working

Temp.

Pressure

Pressure

1

19000 psi @ 475K

3833 psi

110 psi

2

5790 psi @ 556K

1168 psi

1100 psi

3

39677 psi @ 408K

8004 psi

3500 psi

Figure 4: Maximum Working Pressure of each Heat Exchanger
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Next the fin array was designed and optimized simultansously using the optimum fin spaceing,
and the fin design equations as a function of fin thickness, profile length, fin width, and the air
velocitys given by comercial fans.

Using the fin equations grapical optimization of the fin array was achived by solving for the
output temperature using Newtons Cooling Law: Q = hAfinΔT.
Final Design

Heat Exchanger 1

Heat Exchanger 2

Heat Exchanger 3

Size (H x W x D)

(193 x 135 x 21) mm

(196 x 164 x 57) mm

(193 x 135 x 21) mm

Optimum Fin Spacing

1.4mm

0.618mm

1.87mm

Output Temperature

321 K

302 K

313 K

Number of Fins

59

80

59

Pressure Drop

0.6 psi

8.9 psi

0.007 psi

Convection Velocity

4.39 m/s

26.07 m/s

4.39 m/s

Total Mass

1.30 kg

3.49 kg

1.38 kg
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The complete MathCAD code for all three heat exchangers can be found in the Appendix D.
For simplification of the deign heat exchanger 1 and 3 are made extremly similar as heat
exchanger 1 acts only as an intercooler between the two compressors and its output temperture is
not extremly important, simuliarly the output temperture of heat exchanger 3 doesn’t necasarily
need to be cooled to room temperture as it is just being stored in a pressure vessel that will cool
as its being filled. However the phase change occuring within heat exchanger 2 requires that the
output temerture to be below 305 K and the pressure drop mut be below 30 psi to prevent
sublimation, which is achived as seen in the previous table.
Once the design is optimized for minimum size and thus mass, while obtaining the
desired output temperature, the heat exchangers were then 3D modeled using solid works as seen
in the figures below.

Figure 5: Solid modeling of Heat Exchanger Designs (1&3)
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Figure 6: Solid modeling of Heat Exchanger 2 Design

Liquid – Gas Separator
Multiphase Separators are quite common in the oil and gas industry. For the
production of oil, sometimes multiple separators are utilized on a single crude oil pipe-line.
These separators are for industrial purposes and can get very large. This project is aiming for
more of a consumer market therefore size and weight are valued above volume and robustness.
A two-phase Gas-Liquid Separator is utilized to remove liquid Carbon Dioxide from the
gaseous Methane. This is accomplished by designing a separator at the critical point of Carbon
Dioxide that is 31°C and 1070 psi. There are size and weight requirements for the system as
stated in the above sections.
Using the Souder's-Brown approach the separator's minimum internal diameter can be
found. Equations 2 and 3 are used to find in conjunction to find the minimum internal diameter
(Dmin). VGmax represents the maximum gas velocity as a function of fluid and gas density. Ks is a
14

design parameter based on certain components within the separator for example; if a demisting
pad is utilized or adjustments must be made for the size and shape of the inlet diffuser. Figure 7
shows the range of usable Ks values based on a vertical and horizontal separator. FG is the
fraction of cross section area available for gas flow for vertical separators this is 1 and for
horizontal it is a function of liquid height. qa is the volumetric flow rate of the gas.

Figure 7: Range of Usable Ks Values
Mathcad proved an invaluable tool for fine tuning the sizing parameters of the SB
method. The in-flow constituents comprised of 50% Carbon Dioxide by volume and excess
Mehtane. The Ideal Gas Equation can be safely assumed due to the elevated pressures. The gas
constant R is calculated for the mixture to find density of the gas this will be useful later since
measuring volumetric flowrate is far simpler than finding the mass flow rate. For the SB method,
the sizing parameter Ks can be found mathematically rather than from tables for added accuracy.
And finally, Vgmax and Dmin are calculated in Figure 8 below.
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Figure 8: Separator MathCAD Code
This design chosen will be a vertical separator due to its small footprint, high liquid
retention, and availability of demisters. The plethora of designs available make it simple to pick
certain features believed to give the best results. For example, the inlet shown in Figure 9 is
sloped 30° and slightly off center to induce a cyclone that aids to separation. Given this inlet
design no inlet diffuser is needed making the separator easier to manufacture.
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Figure 9: Sloped inlet nozzle
However, a vortex breaker is required to prevent the produced cyclone from reaching the
Carbon Dioxide outlet and increasing entrainment. Figure 10 shows the design used in this
separator. This feature also has the added effect of slowing the rate at which the Carbon Dioxide
leaves the separator. This may limit inlet feed velocity and efficiency of the separator.

Figure 10: Vortex Breaker
17

To control the level of the liquid inside the separator a float actuated valve is utilized.
This float valve will keep the level of the fluid in the separator constant thus stabilizing the
internal conditions paramount for efficient separation. However, for ease of use and lower cost
an external needle valve can be used.

Figure 11: Float controlled outlet valve
The simplest demisters take the form of wire meshes with tightly controlled spaces in
between wire strands. Figure 12 shows some typical demisters used in the oil and gas industry.

Figure 12: Demister
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The inlet diffuser and the demisting pad work together to capture droplets with diameters
in the submicron range. Inertial impaction involves the droplet directly striking a surface and
coalescing with other droplets until gravity can pull them down. Direct impaction has the
droplets follow the stream lines around the fiber, vane, etc and collide with another droplet on
the other side. This method usually only involves droplet diameters in the 1 – 10 micron range.
Lastly Brownian capture involves collision with the gas molecules themselves and is seemingly
random this method of capture is what allows us to capture droplets less than a micron in
diameter.

Figure 13: Modes of capture
Building several iterations with a CAD program proved useful for observing the physical
size of the separator before fabrication. Below are several designs with an aspect ratio (length to
diameter) of 3 to 4 with the chosen diameters of 150mm, 100mm, .050mm .022mm, and
.015mm. Note that a diameter of .022mm was calculated from the SB equation as our minimum
diameter for separation Choosing the internal diameters in this fashion allowed a large range to
19

be analyzed to fit the specifications given. As the diameters get smaller the length becomes too
long such as the .015mm design that’s almost 5ft tall! Here it is seen that a diameter much larger
than the calculated minimum diameter will be needed to make the separator more size efficient.

Figure 14: 150mm Separator Model

Figure 15: 100mm Separator Model

20

Figure 16: .05mm Separator Model

Figure 17: .022mm Separator Model
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Figure 18: .015mm Separator Model
Methane Storage Tank
When first starting the design of a pressure vessel, safety is the foremost consideration.
This can lead to complicated designs and large amounts of research. There are four general types
of pressure vessels to look at, each having their own benefits. The two types that were considered
for this project fall under types 1 and 3. Type 1 pressure vessels are made of metals and are very
common for low pressure vessels. The lowest design pressure for this systems pressure vessel is
3500 psi, considered high pressure. The required volume of 5 kg of methane at this pressure was
calculated using the ideal gas law to be 32.215 L (8.51 gal) at a pressure of 3,500 psi, this
calculation is shown below in Figure 19. Because of this high pressure, a type 1 pressure vessel
is required to have very thick walls. A preliminary design of a type 1 pressure vessel was
calculated and the main pressure vessel formulas used to perform the calculations are shown
below in Figure 20. This material is stainless steel and the thickness would need to be 12 mm. At
this thickness, the vessel would weight about 42.568 kg, much heavier then allowed. Even when
using Aluminum, the weight of the pressure vessel is 22.749 kg, still about three times heavier
than allowed due to a required wall thickness of 18 mm. Because of the type 1 pressure vessels
22

being far more over weight than desired, the alternative design was a type 3 pressure vessel
which consists of a metal liner being fully wrapped with a composite material such as carbon
fiber. Being able to take advantage of the light-weight materials used for type 3 pressure vessels,
the weight was substantially reduced. The calculations for the designed type 3 pressure vessel are
shown below in Figure 21. One of the key factors to helping reduce the weight of the pressure
vessel is to use a spherical geometry instead of the conventual cylinder very common in pressure
vessels. The spherical geometry allows for half the wall thickness as in the walls of the
cylindrical shape, very effectively reducing the overall weight. A 3D model, created using
SolidWorks and weighing 8.26 kg using the mass properties analyzation, of the type 3 pressure
vessel can be seen below in Figures 22 and 23. As discussed in the “Benchmarking” section of
this report, DOT FMVSS 304 and ISO 11439 were the standards used in the design of this type 3
pressure vessel. This standard focuses on the burst pressure having at least a 2.25 safety factor
applied to the service pressure. To error on the side of caution, the lowest safety factor design
created for this project was 2.35 to ensure safe function. A design that applied a safety factor of
3, common with a company that was found as a possible manufacturer, was also calculated and
under to 10 kg maximum weight goal. Using Aluminum 5083 for the metal liner, which should
hold 20 percent of the design pressure, a minimum wall thickness of 4.07 mm is produced when
applying a safety factor of 2.35. Using Carbon Fiber for the composite wrapping, which should
hold 80 percent of the design pressure, a minimum wall thickness of 3.09 mm is produced when
once again applying a safety factor of 2.35. These wall thickness would produce a weight of 7.96
kg, more than 2 kg under the goal. With the larger safety factor of 3.00, the weight of the
pressure vessel goes up to about 9 kg, still under the 10 kg goal.
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Because carbon fiber in the filament wound form is used for pressure vessels of this style,
a simple laminate wrap cannot be employed. To achieve the filament wound process, advanced
machines are required that can correctly wrap the filament layers at different angles. To achieve
the highest strength in the longitudinal direction of the filament winding, an angle of ±54˚ would
be used [12]. This is the best angle found through the research of Pinar Karpuz, providing the
superior longitudinal ultimate tensile stress limits. A graph showing the results of the research is
shown below in Figure 24, further concluding that more or less of ±54˚ shows decreasing
strength.
While the main function of this pressure vessel was to hold methane for this project, one
must not forget about how to fill and release the methane stored within the pressure vessel. For
the purposes of this project, only one inlet was needed. A standard size inlet of 1.125 inches in
diameter with 1.125-12 UNF-2B threads to accept a standard valve was used. For the wall
thickness calculations, the diameter was set at 1.125 in, or 14 mm. Because the inlet is only the
metal liner and not reinforced by the composite liner, the metal liner must be able to withstand
the full burst pressure. Applying the 2.35 safety factor, a minimum wall thickness of 7.73 mm
was needed. The inlet calculations are shown below in Figure 25.

Figure 19: Pressure Vessel Required Volume Using Ideal Gas Law
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Figure 20: Wall Thickness and Weight Calculations for Type I Pressure Vessels (SF 2.35)

Figure 21: Type III Pressure Vessel Minimum Wall Thickness Calculations (SF 2.35)
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Figure 22: Type III 3D Model (Iso View)

Figure 23: Type III 3D Model (Section View)

Figure 24: Filament Winding Angle Graph [12]

Figure 25: Inlet Calculation (SF 2.35)
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Simulation
Heat Exchangers
To verify the design of the heat exchangers a simulation was created using the ANSYS
workbench FLUENT. A 1/3 scale model was created in Solidworks and transferred into ANSYS
workbench. (The scale model was used because the number of nodes for the full model pushed
the limitations of the software, as 100 iterations took 2 hours to complete.) From the scale model
the mesh was created along with the setup conditions, (Name Selections, Initial Parameters and
Boundary Conditions) for the simulation. The following figures show the simulation of the 1/3
scale model which achieves nearly 1/3 the required temperature reduction, which shows proof of
concept, thus allowing the design to be frozen and begin the construction of the prototypes.

Figure 26: 1/3 scale model of heat exchanger
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Figure 27: Mesh Generation and Named Selections for Setup

Figure 28: Convergence at 100 iterations
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Figure 29: Temperature Contours, and Velocity Vectors of 1/3 Model

Liquid – Gas Separator
Similar to the heat exchangers Solidworks, was used to build a three-dimensional model
to import into ANSYS FLUENT Figure 30. There are some differences in how the simulation
executed however. First, due to two different liquid phases existing at once inside the separator
most devices that assist with separation where omitted namely inlet devices, vortex breakers, and
mesh pads. Secondly, heat transfer was not modeled between the fluids or between the separator
itself and the air. Given our operating temperature at steady state is 300K both the separator and
the fluids won't heat, which made troubleshooting the mesh model, Figure 32, simpler and
allowed us to see if the working pressure of 1100 psig would separate the fluids and to what
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degree. Figure 31 shows the volume fraction of Methane. Due only to the internal working
pressure separation occurs with a significant gradient present. Only the Methane is shown in
Figure 31 and two fluids are present.

Figure 30: 3D Model used for simulation

Figure 31: Volume Fraction of Methane within the separator
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Figure 32: Generated Mesh
Methane Storage Tank
In order to show that the calculations of wall thickness for the spherical type 3 pressure
vessel would work, simulation was done within ANSYS Workbench using the Static Structural
program. Because the pressure vessels geometry was designed as a sphere, the simulation could
be down using a 2D geometry due to the geometry being symmetrical. This geometry represents
a section cut of the pressure vessel. Due to the version of ANSYS Static Structural accessible to
students at Western Michigan University, each layer needed to be tested individually at its
calculated required pressure. First the metal liner simulation will be discussed, then followed
afterwards by the composite liner simulation. Once the project was created in ANSYS
Workbench, the individual clients could be used. The geometry was created within Static
Structural’s geometry software and is shown below in Figure 33. A mesh of the geometry was
then completed using the meshing software and is shown below in Figure 34. Once the mesh was
created, the applied loads could be set up to simulate the pressure inside the vessel. To do this,
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the first step was to add the pressure required by this layer, applied to the interior walls of the
layer, this applied load is shown below in Figure 35. Next the bottom point of the layer was fixed
to a displacement of zero, in the vertical direction, in order to keep the geometry from shifting
during the simulation. To also simulate a closed valve at the inlet of the vessel, the pressure
applied to the valve from the inlet was applied to the top of the inlet opening to ensure the inlet
would not fail. Finally, a third load was applied to the inlet’s interior wall to simulate the full
required load needing to be held by the metal liner. Pictures of these there applied loads are
shown below in Figures 36 through 39. With all the conditions required for simulation
completed, the simulation was then ran for the metal liner. The primary results received from the
simulation of concern for the metal liner were the total displacement of the layer and equivalent
stresses within the layer. The results are shown below in Figures 40 through 45. One slight
change to the original geometry from the design process was the addition of some extra material
on the top half of the spherical shape to allow for the equivalent stresses near the inlet to be
within the required amount. This was done using an elliptical shape on the upper half of the
geometry and is reflected in the new Solidworks 3D model shown in Figures 46 through 48.
Using the same mass properties analyzation within Solidworks as the first 3D model, the new
mass with these material additions is 8.86 kg, still under the 10 kg weight desired. The composite
liner’s geometry and meshing was similarly created as in the metal liner simulation, but the
similarity ends once the simulation is being set up to run for results. Due to the composite liner
not reinforcing the inlet of the pressure vessel, the top of the composite liner ends before it would
theoretically cover the inlet. This slightly alters the geometric shape from the metal liner and is
shown in Figure 49. The meshing was completed the same as the metal liner and is shown in
Figure 50. For the simulation input parameters, the service pressure was represented by placing a
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force of the required pressure on the interior face of the liner, simulating the left over 80% load
required to be taken by the composite layer, shown below in Figure 51. Also to replicate
composite layer being wrapped over the metal liner, the interior walls of the composite layer
were fixed in the vertical direction, similar to how the metal liner was fixed in the vertical
direction at a point, shown below in Figure 52. Once these design inputs were completed, the
simulation could be ran and results received. Because ANSYS does not have a Carbon Fiber
material that simulations the filament winding process used for Type 3 pressure vessels, a similar
Carbon Fiber material was used to receive data for the equivalent stresses. The equivalent
stresses results are shown below in Figures 53 through 55, and are under the ultimate tensile
stress limit of the Carbon Fiber selected.

Figure 33: Pressure Vessel Metal Liner ANSYS Geometry
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Figure 34: Pressure Vessel Metal Liner ANSYS Mesh

Figure 35: Pressure Vessel Metal Liner ANSYS Applied Loads (All)
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Figure 36: Pressure Vessel Metal Liner ANSYS Applied Load (Inside Pressure)

Figure 37: Pressure Vessel Metal Liner ANSYS Applied Load (Top Pressure)
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Figure 38: Pressure Vessel Metal Liner ANSYS Applied Load (Inlet Pressure)

Figure 39: Pressure Vessel Metal Liner ANSYS Applied Load (Bottom Fixed Displacement)
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Figure 40: Pressure Vessel Metal Liner ANSYS Deformation Results (Top Half)

Figure 41: Pressure Vessel Metal Liner ANSYS Deformation Results (Bottom Half)
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Figure 42: Pressure Vessel Metal Liner ANSYS Equivalent Stress Results

Figure 43: Pressure Vessel Metal Liner ANSYS Equivalent Results (Top Half)
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Figure 44: Pressure Vessel Metal Liner ANSYS Equivalent Results (Bottom Half)

Figure 45: Pressure Vessel Metal Liner ANSYS Equivalent Results (Inlet Area)
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Figure 46: Pressure Vessel Metal Liner 3D Model After Simulation Changes (Iso View)

Figure 47: Pressure Vessel Metal Liner 3D Model After Simulation Changes (Section View)
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Figure 48: Pressure Vessel Metal Liner 3D Model After Simulation Changes (Inlet Close Up)

Figure 49: Pressure Vessel Composite Liner ANSYS Geometry
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Figure 50: Pressure Vessel Composite Liner ANSYS Mesh

Figure 51: Pressure Vessel Composite Liner ANSYS Applied Load (Inside Pressure)
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Figure 52: Pressure Vessel Composite Liner ANSYS Applied Load (Fixed Wall)

Figure 53: Pressure Vessel Composite Liner ANSYS Equivalent Stresses
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Figure 54: Pressure Vessel Composite Liner ANSYS Equivalent Stresses (Top Half)

Figure 55: Pressure Vessel Composite Liner ANSYS Equivalent Stresses (Bottom Half)
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Prototype
Heat Exchangers
The preferred and optimized design of three heat exchangers after each gas compressor
was modified due to budget constraints, and manufacturing capabilities. The third compressor,
increasing the separated methane from about 1070 psi to 3500 psi was nixed, thus there was no
need for a third heat exchanger. Another modification was due to the manufacturing capabilities
at Western. The optimized design used a 1/8-inch aluminum tubing bent into a complex format
for such a small diameter pipe. An attempt to bend the tubing failed, as well as finding a tool and
die company willing to accept the job. A decision was made to buy heat exchanger 1 a Lytron
Aspen Series, because the working pressure of 110psi through the heat exchanger was a standard
model and the heat dissipation exceeded the heat dissipation required. An attempt to buy heat
exchanger 2 was made but the manufacturing companies would have to do a custom design to
meet the working pressure of 1070 psi, for a custom design the minimum ordering quantity was
100 heat exchangers for most companies, so a no bid was decided. To build the heat exchanger
to obtain proof of concept in the system some optimization was sacrificed. A new design of heat
exchanger 2 was completed using a ¼ inch stainless steel flexible hose instead of the 1/8-inch
aluminum tubing. The stainless-steel pipe had a working pressure 1458 psi, over the working
pressure required for the heat exchanger with a temperature de-rating factor applied. Using the
flexible hose allows one continuous pressure containing source, capable of making bends of 2
inches. The bends of the flexible hosing were much larger than the ideal design, this caused a redesign of heat exchangers fin array. Using the same approach as before, except adding in a
conduction resistance element into the design due to dissimilar materials, from tubing and fins.
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The optimum design of heat exchanger 2 had a mass of 3.5 kg and fit inside one 8-inch fan, the
modified design with the flexible hosing had a mass of 11kg and fit inside two 8-inch fans.

Figure 56: Flex Pipe Pressure Specifications with derating factor applied

Figure 57: Conduction resistance method for dissimilar materials and final design parameters
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Figure 58: Solidworks model of Heat Exchanger 2 re-design

Liquid – Gas Separator
Given the team's lack of fabrication experience and limited time and funds. The
Separator will have to be outsourced. Eaton Corp. produces many types of Gas-Liquid
Separators one in particular the type TF is quite similar to design outlined above. The airflow
capacity of the separator however requires special correction factors to accurately predict flow
rates for both CO2 and CH4. With very specific flowrates given it proved difficult to find a
manufacturer willing to do a custom GLS within our budget. Didion Mechanical located in
Bellevue Ohio was nice enough to offer their expertise in designing a working GLS off of an
existing design they already produce. The GLS they recommend for this application is a vertical
style with the inlet near the top of the cylinder and the drain at the bottom. Figure 59 gives a
sales drawing of the GLS in question.
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Figure 59: Sales Drawing DST-.25-NPT-SALES
Sadly, Didion has their own set of parameters they reference when building a separator
and would not disclose them.
Storage Tanks
Due to the availability of manufacturers and very high cost, a type III pressure vessel of
the spherical shape was not used for the prototype of this project. In order to move forward with
the entire prototype, a similar but inexpensive option was purchased. This pressure vessel is a
type II that utilizes a composite wrapping in the hoop stress direction of the cylinder. This lowers
the weight of the pressure vessel due to the metal thickness being uniform to the spherical ends
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instead of having to be two times the thickness in the hoop stress area. Similar to type III
pressure vessels, the metal liner is designed to hold 100% of the burst pressure in the spherical
ends and 50% of the burst pressure in the hoop stress direction. When searching for a pressure
vessel to be used in the experimental setup, safety and cost were the two key factors due to the
cost of a type III pressure vessel causing it to be impractical with the budget allowed for this
project. The pressure vessel purchased was bought because of it not only being relatively low
cost for the type II pressure vessel with an installed valve, but also because it’s expiration date
was not only good through the end of our team’s project deadlines, but also could be used for the
future stages of this project by other teams furthering the development of the project. The
prototype vessel used is shown below in Figure 60 along with the label including the expiration
date of the pressure vessel in Figure 61. While the type of pressure vessel is slightly similar from
the type designed within this project, the valve that would ultimately be used would not be
electric powered due to the end goal of this system to rely as little as possible on an electric
source to run. The valve installed on the prototype pressure vessel is an electric solenoid type
valve that is set up to be ran off of a twelve-volt power source. This is because many smaller
compressed natural gas tanks are used to store compressed natural gas for the use of automobiles,
which run off of their twelve-volt battery. The electric solenoid valve on the prototype pressure
vessel utilizes a combination of an interior pressure relief valve along with the option to utilize
two inlet/outlet valves. For the purposes of this project, one of the inlet/outlet valves needed to
be capped in order to not allow the escape of methane entering the opposite inlet/outlet valve.
Another key feature of the prototype pressure vessel’s electric valve is that a power supply is not
needed in the event of filling the pressure vessel due to the interior mechanism being in position
of a one-way valve that allows gas to enter but not escape. Once a twelve-volt power supply is

49

connected to the double prong electrical connector, the valve opens fully to allow for gas to
escape out the inlet/outlet valve. This valve can be seen below in Figure 62. Like mentioned
above, this operation is very beneficial for the purposes of this prototype because it allows for
the pressure vessel to be safely filled up, then later disconnected and power supply hooked up to
release the gas inside the pressure vessel.
Because the biogas is being separated, the separated Carbon Dioxide must also be stored.
To do so a common pressure vessel commonly used to store Carbon Dioxide for kegerator
systems was chosen. This was chosen based on the tank being relatively cheap and able to hold
Carbon Dioxide up to a service pressure of 1800 psi. A similar tank was used to provide the
second heat exchanger its cooling fluid. This tank would need to pre-filled to ensure that the hot
biogas would be cool to the required temperature of 305 K to be separated. While the liquid
Carbon Dioxide would also be used for coolant purposes, some is required at least in the
beginning of running the prototype to properly cool the first iterations of biogas and an extra tank
must be also present in case there an overflow of Carbon Dioxide coming out of the separator.
These tanks can be seen below in Figure 63 and 64.

Figure 60: Prototype CNG Tank
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Figure 61: Prototype CNG Tank Label

Figure 62: Prototype CNG Tank Valve
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Figure 63: Tank to Be Pre-Filled with Carbon Dioxide

Figure 64: Tank to Hold Carbon Dioxide Exiting the Separator
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Data Acquisition
In order to get results from the first prototype of this project, two different types of
sensors were purchased to measure the two types of data, pressure and temperature. The first
type of sensor to be used was to get real time pressure readings from the experiment itself. These
pressure gauges are simple dial gauges, safe for use with gases, that have a reading range of up to
1500 psi. Although these would not record data over a time period using a data acquisition
device and a program such as LabVIEW, it was determined that real time readings would be best
due to the high cost of pressure gauge sensors required for the high pressures of the experiment.
Real time readings would allow the team to monitor the current pressure at different points
within the system and could be recordable by the team on hand written data log for later reading.
As for the second type of sensor, thermocouples able within stand the high pressures of the
system could be purchased for a reasonable price and therefore were indeed purchased. These
allow for each sensor to be connected to a data acquisition system and be recorded within
LabVIEW for not only the absolute temperature readings of each sensor, but also the temperature
differences at key points of the system allowing for time matching to get accurate temperature
difference readings instead of not have the correct time steps compared to each other. Both
sensors purchased had either ¼” or ½” MNPT connections, allowing them to be easily inserted
directly into the system via a three-way T joint with the corresponding FNPT connections
needed. These two sensors are shown below in Figures 65.
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Figure 65: Data Sensors (Left – Pressure Gauge, Right – Thermocouple)
Connections/Other
It was determined at the start of the building of the experimental setup, that a common
connection needed to be established to ensure the best possible conformity throughout the
system. After some research for hoses and the ordering of the separator, it was decided that
sticking with NPT style connections would be best. Two main sizes were used for this setup
depending on the component, ¼” and ½”, which could also be easily converted between each
other depending on the component or hose used. This connection size was also found to be a
common size for adapters to adapt from a different connection/thread size to the NPT size used.
A simple wheeled cart was decided on as the chassis for the experimental setup. The cart
chosen due to its low cost and having three separate shelves. Having at least three shelves
allowed for all the components of this system to be placed comfortably while not having any
wasted space. The shelves were made of a heavy gauge wire that was strong enough to hold the
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weight of the system, while also allowing for the connection hoses to pass through the shelves
for ease placing the components.

Heat Exchanger Experiment
Heat Exchanger
Again, the manufacturing the heat exchanger using the flexible hosing posed its own
problems. The outside braid on the flexible hose expands when being pushed together causing
the fins to have improper spacing as well as making the passes through the heat exchanger
extremely difficult. This allowed only 2 turns to be made, which in turn resulted in 2/7 the total
fin area required to achieve the correct output temperature. So, a final decision was made to
achieve the required output temperature, this was to decrease the ambient air temperature coming
into the heat exchanger, from room temperature to the saturation temperature of liquid CO2. This
is achieved by allowing high pressure liquid CO2 to expand back into a gas resulting in an
extreme decrease in temperature, releasing CO2 was not supposed to be part of the 1st prototype,
but due to the construction limitations it was decided that we had to in order to achieve the
required final output temperature. The effective cooling area and distance from orifice to
minimum temperature in the design were based on the research found in Experimental
Investigation Of High Pressure Liquid CO2 Release Behavior [16] that measured these values.
The following table and figures are from this article.
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Figure 66: Experimental Investigation of High Pressure Liquid CO2 Release Behavior (1) [16]
Table 1, pg. 166

Figure 67: Experimental Investigation of High Pressure Liquid CO2 Release Behavior (2) [16]
Figure 5.
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Data Acquisition
The data acquisition components used in this prototype were the same as described in
Prototype. The main data being recorded was the inlet and outlet temperatures of the built heat
exchanger. These temperatures were determined using the thermocouples and LabVIEW
program described in the “Data Acquisition” section of “Prototype”. Pressure gauges were used
within this prototype to primarily see the pressure of the storage tank of the compressed air going
through the heat exchanger as it filled up in real time.
Connections/Other
Like the data acquisition components, the connections of this prototype were of the NPT
type, taking advantage of the ¼” NPT size through most of the system and using a ¼” to ½”
adapter to connect the CO2 and air storage tanks.
In order to aid with air flow through the heat exchanger, the fan was connected to a
power source. The power source used was a 12 V DC car battery, which provided a considerable
amount of air flow through the fins of the heat exchanger.
Data
There were four test runs completed for this prototype, two with the heat exchanger being
air cooled and two with CO2 flowing through the heat exchanger. Reasonable temperature
readings were received for the air cooled testing and are shown below in Figures 68 and 69.
From the linear trendlines shown on the graphs, it can be seen that a temperature change of about
4 ºC to 5 ºC was experienced. For the test runs using the CO2, the thermocouple readings errored
out and were not able to be used. Due to the small amount of CO2 our team had available for this
test and the relatively high cost for the short period of usage, further tests were not ran. From a
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qualitative view of the tests ran with the CO2, the outlet end of the heat exchanger was
experiencing frosting on the exterior of the hose, showing that the temperature of the outlet was
at least at the temperature of freezing (0 ºC) and most likely below due to the ability to produce
frost on a relatively warm day. An example of this frosting effect can be seen below in Figure 71
in comparison to the tank before the test shown in Figure 70.

Run 1 (No CO2)
19

Temperature (C)

17
15

Inlet

13

Outlet

11

Linear (Inlet)
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Linear (Outlet)

7
5

Time

Figure 68: First Run of the Air-Cooled Heat Exchanger
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Figure 69: Second Run of the Air-Cooled Heat Exchanger
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Figure 70: CO2 Tank Before Test Run

Figure 71: CO2 Tank After Test Run (Frosted)
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Facilities
The facility that was utilized for this project is the Western Michigan University Floyd
Hall campus. Within Floyd Hall, two labs were primarily used for the fabrication and assembly
done by the team, the Alternative Renewable Energy and Fuel Cell Research Lab (G 109) and
the Student Projects Lab (G 112). All calculation and simulation programs used were also
through Western Michigan University. While this project was designed with commercial
production in mind, the computer programs used were the education version, limiting the end use
of this project. If this project is to be taken to actual consumer sales, these designs will need to be
fully designed and simulated using commercially licensed programs. For the more advanced
manufacturing and fabrication of the components of this system, multiple companies were
utilized to ensure the components were properly built and rated for the high pressures and
temperatures of the system.

Budget
Since the projected deliverables for this project were at least a to scale model of the
design, there were costs associated. This project had funding through the Undergraduate
Research Excellence Award amounting to a maximum amount of $3000 received over two
semesters ($500 per student per semester). An additional $1000 was received for funding for
additional costs over $3000 including equipment for measurements of the system. Where
component purchasing was reasonable, as much of the system as possible was purchased. In
order to maximize the money awarded to the team, parts were purchased that could also be used
by the future teams working on this project.
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Future Work
Heat Exchangers
For future prototypes, all the heat exchanger designs Mathcad, SolidWorks and ANSYS
files will be passed on. This allows easy modifications as the bulk of the design is already
completed. For heat exchanger 1 the Lytron unit works well and is light weight enough. Heat
exchanger 2 however had major manufacturing problems. The best bet is to continue to search
for a manufacturing company that will take the job building the entire heat exchanger, however if
one cannot be found perhaps a tool and die company can make the fins with a CNC machine, so
that holes are exact, and use straight pipes with threaded ends through each hole, then connect
each pipe using some female U-shape connecters.
Releasing CO2 through the heat exchanger will greatly reduce the size and mass, and a
potential future advancement would be capturing some of the kinetic energy from the
vaporization of CO2 through a mini turbine this would reduce the power requirements of the
system as less powerful fans would be required, plus some energy would be gained from the
turbine.
Liquid – Gas Separator
Since many of our downstream components were not able to be tested. This should be the
work of the next class to test the rest of the components for conformity. Given that the separator
was designed and produced professionally the confidence that it will operate to the given
standards should be high. Monitoring pressure inside the separator will be paramount to its
efficiency proven in the previous simulation section simply maintaining the working pressure
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will induce condensation in the Carbon Dioxide that coupled with the aforementioned separation
devices should see very little carry over of Carbon Dioxide into the gas outlet.
For controlling the liquid level inside the separator Didion mechanical suggested a
drainage valve similar to use on septic tanks. However, it was difficult to find a production
model at the high pressures needed. In lieu of the drainage valve a fine adjustment needle valve
was purchased to outlet liquid Carbon Dioxide.
Monitoring flow into the separator could be done using two volumetric flow meters on
the gas and liquid outlets. Sadly, at the required pressures the price of the units put them out of
reach. Instead a differential pressure flowmeter would be used. These flowmeters consisted of a
threaded orifice simply a fitting with a small hole inside of known diameter, and two pressure
gauges one upstream of the orifice and one downstream. Using Bernoulli's modified equation the
flow could be effectively monitored at a fraction of the cost of a full-fledged flowmeter.
Lastly it is extremely important to control internal pressure. Once the pressure climbs
above 1100psig the unit becomes less efficient and temperature will increase. One effect of this
is a high liquid level. Letting the liquid level climb to high minimizes the volume inside the tank.
One way to avoid this was to purchase an adjustable relief valve upstream of the separator as
advised by Didion. Using the previously mentioned differential flowmeters to monitor internal
pressure the relief valve can be set to open at 1110psig to keep the internal pressure as close to
the optimal working pressure as possible.
Methane Storage Tank
Even before the prototype pressure vessel used for the experimental setup was purchased,
the search for a company that has a product similar to the pressure vessel designed or that has the
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manufacturing capabilities to manufacture the designed pressure vessel had already started. To
begin with, the type III pressure vessels of the more popular cylindrical shape are difficult to find
of the small size needed for this project and have a limited number of companies that actually
manufacture them. Because of the non-popular for consumer usage spherical shape, companies
that have production models similar to the designed pressure vessel could not be found. Also due
the specifics of the pressure vessel, it was not possible to simply browse a company’s stated
manufacturing abilities and get a solid answer of whether they had the ability to manufacture a
spherical shaped type III pressure vessel. This forced the process of searching for a company
with the ability to manufacture to be a lengthy one, involving multiple emails and phone calls
with several companies over several months. Oftentimes, the next company to contact was given
by the last company that was in contact. After many iterations of this process, one company,
Worthington Industries, was found that offered a potential end to the search. After further
discussion with a representative from this company, two alternatives to the ideal solution were
offered that can be followed up by the future groups of this project. The ideal solution would be
produce the vessel discusses within this report and to reopen an area of one of their
manufacturing plants that could produce the design spherical shaped type III pressure vessel with
a non-reoccurring cost of $100,000 or more. The first of these alternatives would be to use a type
III cylindrical shaped pressure vessel already able to be produced by Worthington Industries,
ALT753VS, weighing a total of 17.25 kg, 7.25 kg over the weight goal for this project, but only
costing in the $500 to $600 range if more than fifty vessels were purchased. This would also
include an installed manual valve on each of the pressure vessels. The second possible
alternative to the if the spherical pressure vessel is unable to be moved forward with, would be a
cylinder again offered by Worthington Industries, ALT745, that holds about 4.1 kg and weighs
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about 12.5 kg. While the capacity of this pressure vessel is below the desired capacity of 5 kg, a
18% decrease, while only being over the desired weight by 25% and being in a similar price
range as the previous alternative. This should be considered in comparison to the already
mentioned cylindrical vessel from Worthington that holds the desired 5 kg, but over the desired
weight by over 70%. Detailed drawings of these type III cylindrical pressure vessels can be seen
in Appendix G.

Conclusions
In conclusion for this project, all the main components discussed were successfully
designed and simulated. This includes the needed heat exchangers, liquid – gas separating
system, and storage tank for the separated methane. All other needed components for the system
to operate were purchased to comply with the designed main components. While the built
prototype for the system was not able to be tested due to the limitations discussed, a proof of
concept experiment was completed for the heat exchanger built to cool the compressed biogas
down to 305 K for separating purposes. Although the prototype was not tested, all the
components purchased will have future use for the next iterations of this process. This was a key
requirement set by the team in order to ensure that the moneys awarded to the team would not be
wasted in the event that the prototype could not be fully tested within this first iteration. Due to
the design, simulation, proof of concept, and most of a prototype being built, this project is seen
as a successful first iterations that will allow future iterations to use the content of this report to
take conduct future experiments easier and make minimal design changes when changes must be
made.
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Appendix A
ABET Questionnaire

Form 1
To be completed by student
Assessment of Student Outcome #c
ME 4800
“An ability to design a system, component, or process to meet desired needs within realistic
constraints such as economic, environmental, social, political ethical, health, and safety,
manufacturability, and sustainability.” is listed in ABET General Criterion 3. Student
Outcomes as one of the student outcomes to be assessed for both Mechanical and Aerospace
Engineering programs. As part of your design project, you are required to fill out this form and
include it in your ME 4800 Final Report, please include the page numbers where the questions
following are addressed.

Evaluation of student outcome “An ability to design a system, component, or process to meet
desired needs within realistic constraints such as economic, environmental, social, political
ethical, health, and safety, manufacturability, and sustainability.”

1. This project involved the design of a: system/component/process
Description:
This project involves a system that consists of many components including heat
exchangers, liquid-gas separator, pressure vessels, and connections for each component.
Pg 1

2. The need:
The reason this project is needed is to further the development of alternative energy and
to offer areas worldwide access to energy. Pg 2
A1

3. The constraints: (discuss the constraints that were relevant to the project. At least 3
constraints must be addressed.)

Economics:
In order to make this system accessible to a worldwide population, it needed to be kept
cost effective to ensure it can be used in areas effected most by not having a reliable
energy source. Pg 4

Environmental:
The environmental constraints considered dealt with providing an alternative form of
energy without furthering the negative impact on the environment. This primarily
concerned keeping the energy required to complete the process to a minimum. Pg 4

Social:

Political:

Ethical:

Health & Safety:
Providing a safe system was a primary constraint due to the high pressures and
temperatures experienced within the entire system. Pg 4

Manufacturability:

Sustainability:

A2

This system was to be able to operate by one person and reliably to provide the consumer
with an efficient form of alternative energy. Pg 2-4

Other:
4. Is there a potential for a new patent in your design? Explain and compare to similar
patents.
Yes, in the event of taking this system to the consumer market. This system is like no
others on the market and does not have patents similar to it.
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Form 2
To be completed by student
Assessment of Student Outcome #j
ME 4800

“A knowledge of contemporary issues” is listed in ABET General Criterion 3. Student
Outcomes as one of the student outcomes to be assessed for both Mechanical and Aerospace
Engineering programs. The Mechanical Engineering Faculty Members have defined “A
knowledge of contemporary issues” as knowledge and application of new technologies or
recent innovations, satisfaction of the company’s existing customers, comparison of the proposed
design with the competitor’s products, well-being and performance of other employers, safety
and legal issues, new standards or recent product regulations, and possibility of product patent.
As you work on your senior design project, we ask you to answer the following questions. These
questions will help you to create the ideas needed to successfully complete your project and
hence your ME 4800 final report. You are required to fill out this form and submit it with your
final report. Please include the page number where the following questions are addressed.

Evaluation of student outcome “A knowledge of contemporary issues”

1. Why is this project needed now?
Current energy sources are causing a negative environmental impact and alternative energy
sources must be explored to reduce this impact. Pg 2
2. Describe any new technologies and recent innovations utilized to complete this project
and how will it improve satisfaction of the company’s existing customers?
Some new or recent technologies/innovations utilized in this project include the liquid-gas
separator and a spherical shaped type III pressure vessel to hold the separated methane. Pg 10-26
3. If this project is done for a company – how will it expand their potential markets?
Not Applicable
4. How did you address any safety and/or legal issues pertaining to this project? (e.g.,
OSHA, EPA, Human Factors, etc.)
The safety issues within this project were addressed by applying large safety factors do the
designs of each component. Pg 8-10
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5. Are there any new standards or regulations on the horizon that could impact the
development of the project?
Due to the continuing research on composite reinforced pressure vessels, new standards
pertaining to these must be considered. Pg 9
6. Is there a potential for a new patent in your design? Please document related patents.
Yes, in the event of taking this system to the consumer market. This system is like no others on
the market and does not have patents similar to it.
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Form 3
To be completed by student
Assessment of Student Outcome # h
ME 4800

“An understanding of the impact of engineering solutions in a global, environmental and
societal context” is listed in ABET General Criterion 3. Student Outcomes as one of the student
outcomes to be assessed for both Mechanical and Aerospace Engineering programs. As you
work on your senior design project, we ask you to answer the following questions. These
questions will help you to create the ideas needed to successfully complete your project and
hence your ME4800 final report. You are required to fill out this form and submit it with your
final report. Please include the page numbers where the following questions are addressed.

Evaluation of student outcome “An understanding of the impact of engineering solutions in a
global, environmental and societal context”

1. Is this project useful outside of the United States? Explain why.
This system could be extremely useful outside of the United States due to countries
worldwide needing a reliable source of energy. Pg 2
2. Does your project comply with U.S. and/or international standards or regulations?
Which standards are applicable?
Yes, the standards that are applicable include ASME Boiler & Pressure Vessel Code,
DOT FMVSS 304, ISO 11439. Pg 8-10
3. Is this project restricted in its application to specific markets or communities? To
which markets or communities?
This project is not restricted to certain markets due to everyone needing a reliable source
of energy. Pg 2
4. If the answer to any of the following is positive, explain how and, where relevant,
what were your actions to address the issues?
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Air Quality?
This system will utilize unused energy sources and reduce the reliance on fossil fuels that
have a negative impact on the air quality. Pg 2-4

Water Quality?
Similar to Air Quality, this project will reduce the reliance on forms of energy that can
harm the water ecosystems worldwide. Pg 2-4

Food?
In providing energy deficient countries worldwide with the opportunity of an energy
source, food could be better preserved and/or cooked, in general helping reduce hunger
and food related sickness. Pg 2-4

Noise Level?

Does the project impact:

Human health?
Due to this project having a positive impact on the environment, human health will be
positively affected by a healthier environment. Pg 2-4

Wildlife?
Wildlife will also receive a positive impact due to their ecosystems experiencing less of a
negative impact from other forms of energy. Pg 2-4

Vegetation?
Similar to wildlife, vegetation would also receive a positive impact from a better
ecosystem. Pg 2-4
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Does this project improve:

Human interaction?
Countries currently not able to interact consistently due to energy deficiencies would be
able to increase their worldwide interaction. Pg 2-4

Well-being?
Having access to energy would allow for technology to be utilized that has a positive
impact on the well-being of people worldwide. Pg 2-4

Safety?
Having access to technology would allow people to make the area they live in more safe
and have access to equipment to help keep their community safer. Pg 2-4
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Form 4
To be completed by student
Assessment of Student Outcome # i
ME 4800

“A recognition of the need for, and ability to engage in life-long learning” is listed in ABET
General Criterion 3. Student Outcomes as one of the student outcomes to be assessed for both
Mechanical and Aerospace Engineering programs. As you work on your senior design project,
we ask you to answer the following questions. These questions will help you create the ideas
needed to successfully complete your project and hence your ME 4800 final report. You are
required to submit the completed form in the last appendix of your report.
Your responses will be used in the Evaluation of student outcome “A recognition of the need
for, and ability to engage in life-long learning.”
A well-organized team brings together the necessary backgrounds and talents needed to
successfully develop and complete the design process. Each team member plays an important
role on the design team. Team members must be prepared to acquire any new additional skills,
and improve existing ones during the development of the project. Your answers to these
questions below will be used to evaluate a) your understanding of the need for life-long learning
and b) your ability to recognize the need of acquiring new knowledge/skills when required.
ME 4800
Mechanical and Aerospace Engineering Design Project
For each team member:
NAME: Brandon Nimtz

1. List the skills you needed to execute your responsibilities on the project as outlined
in ME 4790.
The skills needed included: problem solving, following procedure/code, product design,
and previous experiences with complex high pressure/temperature systems.
2. Explain how you acquired or improved the skills needed for the completion the
project.
Many of these skills were introduced within classes during the completing of my
Bachelor’s Degree and were further improved/practiced on in internships completed
throughout the time pursuing my degree.
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Form 4
To be completed by student
Assessment of Student Outcome # i
ME 4800

“A recognition of the need for, and ability to engage in life-long learning” is listed in ABET
General Criterion 3. Student Outcomes as one of the student outcomes to be assessed for both
Mechanical and Aerospace Engineering programs. As you work on your senior design project,
we ask you to answer the following questions. These questions will help you create the ideas
needed to successfully complete your project and hence your ME 4800 final report. You are
required to submit the completed form in the last appendix of your report.
Your responses will be used in the Evaluation of student outcome “A recognition of the need
for, and ability to engage in life-long learning.”
A well-organized team brings together the necessary backgrounds and talents needed to
successfully develop and complete the design process. Each team member plays an important
role on the design team. Team members must be prepared to acquire any new additional skills,
and improve existing ones during the development of the project. Your answers to these
questions below will be used to evaluate a) your understanding of the need for life-long learning
and b) your ability to recognize the need of acquiring new knowledge/skills when required.
ME 4800
Mechanical and Aerospace Engineering Design Project
For each team member:
NAME: Trevor Richardson

1. List the skills you needed to execute your responsibilities on the project as outlined
in ME 4790.
The skills required for the project are, problem solving, mathematical modeling, design
of thermal-fluid components and systems, and computer simulation of those components.
2. Explain how you acquired or improved the skills needed for the completion the
project
I acquired the skills I needed for this project from previous courses in mathematical
modeling and simulation of complex thermal-fluid components and systems specifically
thermodynamics, fluid mechanics, design of thermal systems and advanced thermal
design.
A10

Form 4
To be completed by student
Assessment of Student Outcome # i
ME 4800

“A recognition of the need for, and ability to engage in life-long learning” is listed in ABET
General Criterion 3. Student Outcomes as one of the student outcomes to be assessed for both
Mechanical and Aerospace Engineering programs. As you work on your senior design project,
we ask you to answer the following questions. These questions will help you create the ideas
needed to successfully complete your project and hence your ME 4800 final report. You are
required to submit the completed form in the last appendix of your report.
Your responses will be used in the Evaluation of student outcome “A recognition of the need
for, and ability to engage in life-long learning.”
A well-organized team brings together the necessary backgrounds and talents needed to
successfully develop and complete the design process. Each team member plays an important
role on the design team. Team members must be prepared to acquire any new additional skills,
and improve existing ones during the development of the project. Your answers to these
questions below will be used to evaluate a) your understanding of the need for life-long learning
and b) your ability to recognize the need of acquiring new knowledge/skills when required.
ME 4800
Mechanical and Aerospace Engineering Design Project
For each team member:
NAME: Kenton Vogel

1. List the skills you needed to execute your responsibilities on the project as outlined
in ME 4790.
Knowledge of Thermodynamics. Familiarity with ANSYS, LabVIEW, and Solidworks.
As well communication skills.
2. Explain how you acquired or improved the skills needed for the completion the
project.
Simulation with ANSYS proved difficult enough due to the two-phase mixture, and
setting up a data acquisition system from scratch. None of which were taught in class.
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Appendix B
Gantt Chart

B1

Appendix C
Project Schematics

Beginning Schematic

Schematic after Compressor 3 and Heat Exchanger 3 removed

C1

Prototype schematic including data acquisition and connections

C2

Appendix D
Heat Exchanger Mathcad Modeling Report (Initial Ideal Design)

D1

D2

D3

D4

D5

D6

D7

D8

Heat Exchanger Mathcad Modeling Report (Modified Flex-Hose Design)

D9

D10

D11

D12

D13

Pressure Vessel Calculation Sheets

D14

D15

Appendix E
Heat Exchanger Simulation Report
Moving Mesh Rotation Speed (rad/s)

0

Moving Mesh X-Velocity Of Zone (m/s)

0

Moving Mesh Y-Velocity Of Zone (m/s)

0

Moving Mesh Z-Velocity Of Zone (m/s)

0

Moving Mesh X-Origin of Rotation-Axis (m)

0

Moving Mesh Y-Origin of Rotation-Axis (m)

0

Moving Mesh Z-Origin of Rotation-Axis (m)

0

Moving Mesh X-Component of Rotation-Axis

0

Moving Mesh Y-Component of Rotation-Axis

0

Moving Mesh Z-Component of Rotation-Axis

1

Moving Mesh User Defined Zone Motion Function
Deactivated Thread

none

no

Laminar zone?

no

Set Turbulent Viscosity to zero within laminar zone?
Embedded Subgrid-Scale Model

1

Momentum Spatial Discretization

0

Cwale
Cs
Porous zone?
Conical porous zone?
X-Component of Direction-1 Vector

yes

0.325
0.1
no
no
1
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Y-Component of Direction-1 Vector

0

Z-Component of Direction-1 Vector

0

X-Component of Direction-2 Vector

0

Y-Component of Direction-2 Vector

1

Z-Component of Direction-2 Vector

0

X-Component of Cone Axis Vector

1

Y-Component of Cone Axis Vector

0

Z-Component of Cone Axis Vector

0

X-Coordinate of Point on Cone Axis (m)

1

Y-Coordinate of Point on Cone Axis (m)

0

Z-Coordinate of Point on Cone Axis (m)

0

Half Angle of Cone Relative to its Axis (deg)

0

Relative Velocity Resistance Formulation?

yes

Direction-1 Viscous Resistance (1/m2)

2.111e+08

Direction-2 Viscous Resistance (1/m2)

2.111e+08

Direction-3 Viscous Resistance (1/m2)

2.111e+08

Choose alternative formulation for inertial resistance? no
Direction-1 Inertial Resistance (1/m)

0

Direction-2 Inertial Resistance (1/m)

0

Direction-3 Inertial Resistance (1/m)

0

C0 Coefficient for Power-Law

0

C1 Coefficient for Power-Law

0

Porosity

1

E2

Relative Viscosity

1

Equilibrium Thermal Model (if no, Non-Equilibrium)?
Non-Equilibrium Thermal Model?

no

Solid Material Name

aluminum

Interfacial Area Density (1/m)

1

Heat Transfer Coefficient (w/m2-k)
3D Fan Zone?
Inlet Fan Zone
Fan Thickness (m)

1
no
0
0

Fan Hub Radius (m)
Fan Tip Radius (m)

0
0

X-Component of 3D Fan Origin (m)

0

Y-Component of 3D Fan Origin (m)

0

Z-Component of 3D Fan Origin (m)

0

Rotational Direction

0

Fan Operating Angular Velocity (rad/s)
Fan Inflection Point

0
0.83

Limit Flow Rate Through Fan

no

Maximum Flow Rate (m3/s)

0

Minimum Flow Rate (m3/s)

0

Tangential Source Term

yes

no

Radial Source Term

no

Axial Source Term

no
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Method

0

Pressure Jump (pascal)

0

Fan Curve Fitting Method
Polynomial Order
Initial Flow Rate (m3/s)

0
0
0

Fan Test Angular Velocity (rad/s)

0

Fan Test Temperature (k)
Read Fan Curve

0
353791456

gas
Condition

Value

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------Material Name
methane
Specify source terms?

yes

Source Terms
((mass) (x-momentum) (y-momentum) (zmomentum) (k) (epsilon) (energy ((constant . 23803287) (inactive . #f) (profile ))))
Specify fixed values?

no

Local Coordinate System for Fixed Velocities

no

Fixed Values
((x-velocity (inactive . #f) (constant . 0) (profile
)) (y-velocity (inactive . #f) (constant . 0) (profile )) (z-velocity (inactive . #f) (constant . 0)
(profile )) (k (inactive . #f
(constant . 0) (profile )) (epsilon (inactive . #f) (constant . 0) (profile )) (temperature (inactive .
#f) (constant . 0) (profile )))
Frame Motion?
no
Relative To Cell Zone

-1
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Reference Frame Rotation Speed (rad/s)

0

Reference Frame X-Velocity Of Zone (m/s)

0

Reference Frame Y-Velocity Of Zone (m/s)

0

Reference Frame Z-Velocity Of Zone (m/s)

0

Reference Frame X-Origin of Rotation-Axis (m)

0

Reference Frame Y-Origin of Rotation-Axis (m)

0

Reference Frame Z-Origin of Rotation-Axis (m)

0

Reference Frame X-Component of Rotation-Axis

0

Reference Frame Y-Component of Rotation-Axis

0

Reference Frame Z-Component of Rotation-Axis

1

Reference Frame User Defined Zone Motion Function
Relative To Cell Zone

none

-1

Moving Mesh Rotation Speed (rad/s)

0

Moving Mesh X-Velocity Of Zone (m/s)

0

Moving Mesh Y-Velocity Of Zone (m/s)

0

Moving Mesh Z-Velocity Of Zone (m/s)

0

Moving Mesh X-Origin of Rotation-Axis (m)

0

Moving Mesh Y-Origin of Rotation-Axis (m)

0

Moving Mesh Z-Origin of Rotation-Axis (m)

0

Moving Mesh X-Component of Rotation-Axis

0

Moving Mesh Y-Component of Rotation-Axis

0

Moving Mesh Z-Component of Rotation-Axis

1

Moving Mesh User Defined Zone Motion Function

none
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Deactivated Thread

no

Laminar zone?

no

Set Turbulent Viscosity to zero within laminar zone?
Embedded Subgrid-Scale Model

1

Momentum Spatial Discretization

0

Cwale
Cs

yes

0.325
0.1

Porous zone?

no

Conical porous zone?

no

X-Component of Direction-1 Vector

1

Y-Component of Direction-1 Vector

0

Z-Component of Direction-1 Vector

0

X-Component of Direction-2 Vector

0

Y-Component of Direction-2 Vector

1

Z-Component of Direction-2 Vector

0

X-Component of Cone Axis Vector

1

Y-Component of Cone Axis Vector

0

Z-Component of Cone Axis Vector

0

X-Coordinate of Point on Cone Axis (m)

1

Y-Coordinate of Point on Cone Axis (m)

0

Z-Coordinate of Point on Cone Axis (m)

0

Half Angle of Cone Relative to its Axis (deg)

0

Relative Velocity Resistance Formulation?

yes
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Direction-1 Viscous Resistance (1/m2)

2.111e+08

Direction-2 Viscous Resistance (1/m2)

2.111e+08

Direction-3 Viscous Resistance (1/m2)

2.111e+08

Choose alternative formulation for inertial resistance? no
Direction-1 Inertial Resistance (1/m)

0

Direction-2 Inertial Resistance (1/m)

0

Direction-3 Inertial Resistance (1/m)

0

C0 Coefficient for Power-Law

0

C1 Coefficient for Power-Law

0

Porosity
Relative Viscosity

1
1

Equilibrium Thermal Model (if no, Non-Equilibrium)?
Non-Equilibrium Thermal Model?

no

Solid Material Name

aluminum

Interfacial Area Density (1/m)

1

Heat Transfer Coefficient (w/m2-k)
3D Fan Zone?
Inlet Fan Zone
Fan Thickness (m)
Fan Hub Radius (m)
Fan Tip Radius (m)

yes

1
no
2
0
0
0

X-Component of 3D Fan Origin (m)

0

Y-Component of 3D Fan Origin (m)

0
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Z-Component of 3D Fan Origin (m)

0

Rotational Direction

0

Fan Operating Angular Velocity (rad/s)

0

Fan Inflection Point

0.83

Limit Flow Rate Through Fan

no

Maximum Flow Rate (m3/s)

0

Minimum Flow Rate (m3/s)

0

Tangential Source Term

no

Radial Source Term

no

Axial Source Term

no

Method

0

Pressure Jump (pascal)

0

Fan Curve Fitting Method
Polynomial Order
Initial Flow Rate (m3/s)

0
0
0

Fan Test Angular Velocity (rad/s)
Fan Test Temperature (k)
Read Fan Curve

0
0
312391328

Boundary Conditions
------------------Zones
name
id type
---------------------------------------------------air_exit
14 pressure-outlet
interior-gas-heat_sink-shadow 17 wall
E8

interior-gas-heat_sink
2 wall
interior-air-heat_sink-shadow 7 wall
interior-air-heat_sink
1 wall
wall-air
11 wall
wall-heat_sink
12 wall
air_inlet
13 velocity-inlet
gas_inlet
15 velocity-inlet
gas_outlet
16 pressure-outlet
Setup Conditions
air_exit
Condition
Value
--------------------------------------------------------Gauge Pressure (pascal)
0
Backflow Total Temperature (k)
300
Backflow Direction Specification Method
1
Coordinate System
0
X-Component of Flow Direction
1
Y-Component of Flow Direction
0
Z-Component of Flow Direction
0
X-Component of Axis Direction
0
Y-Component of Axis Direction
0
Z-Component of Axis Direction
1
X-Coordinate of Axis Origin (m)
0
Y-Coordinate of Axis Origin (m)
0
Z-Coordinate of Axis Origin (m)
0
Turbulent Specification Method
2
Backflow Turbulent Kinetic Energy (m2/s2)
1
Backflow Turbulent Dissipation Rate (m2/s3)
1
Backflow Turbulent Intensity (%)
5
Backflow Turbulent Length Scale (m)
1
Backflow Hydraulic Diameter (m)
1
Backflow Turbulent Viscosity Ratio
10
is zone used in mixing-plane model?
no
Radial Equilibrium Pressure Distribution
no
Average Pressure Specification?
no
0
Specify targeted mass flow rate
no
Targeted mass flow (kg/s)
1
Upper Limit of Absolute Pressure Value (pascal) 5000000
Lower Limit of Absolute Pressure Value (pascal) 1
interior-gas-heat_sink-shadow
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Condition
Value
----------------------------------------------------------------------------------------------------------------------------Wall Thickness (m)
0.000889
Heat Generation Rate (w/m3)
23803287
Material Name
aluminum
Thermal BC Type
1
Temperature (k)
300
Heat Flux (w/m2)
0
Convective Heat Transfer Coefficient (w/m2-k)
0
Free Stream Temperature (k)
300
Enable shell conduction?
no
Layer
(((thickness . 0) (material . aluminum) (qdot (constant .
0) (profile))))
Wall Motion
0
Shear Boundary Condition
0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall?
no
Velocity Magnitude (m/s)
0
X-Component of Wall Translation
1
Y-Component of Wall Translation
0
Z-Component of Wall Translation
0
Define wall velocity components?
no
X-Component of Wall Translation (m/s)
0
Y-Component of Wall Translation (m/s)
0
Z-Component of Wall Translation (m/s)
0
External Emissivity
1
External Radiation Temperature (k)
300
Rotation Speed (rad/s)
0
X-Position of Rotation-Axis Origin (m)
0
Y-Position of Rotation-Axis Origin (m)
0
Z-Position of Rotation-Axis Origin (m)
0
X-Component of Rotation-Axis Direction
0
Y-Component of Rotation-Axis Direction
0
Z-Component of Rotation-Axis Direction
1
X-component of shear stress (pascal)
0
Y-component of shear stress (pascal)
0
Z-component of shear stress (pascal)
0
Fslip constant
0
Eslip constant
0
Surface tension gradient (n/m-k)
0
Specularity Coefficient
0
Convective Augmentation Factor
1
Enable Thermal Stabilization?
no
Scale Factor
0
Stabilization Method
1
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interior-gas-heat_sink
Condition
Value
----------------------------------------------------------------------------------------------------------------------------Wall Thickness (m)
0.000889
Heat Generation Rate (w/m3)
23803287
Material Name
aluminum
Thermal BC Type
0
Temperature (k)
402
Heat Flux (w/m2)
0
Convective Heat Transfer Coefficient (w/m2-k)
0
Free Stream Temperature (k)
300
Enable shell conduction?
no
Layer
(((thickness . 0) (material . aluminum) (qdot (constant .
0) (profile))))
Wall Motion
0
Shear Boundary Condition
0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall?
no
Velocity Magnitude (m/s)
0
X-Component of Wall Translation
1
Y-Component of Wall Translation
0
Z-Component of Wall Translation
0
Define wall velocity components?
no
X-Component of Wall Translation (m/s)
0
Y-Component of Wall Translation (m/s)
0
Z-Component of Wall Translation (m/s)
0
External Emissivity
1
External Radiation Temperature (k)
300
Wall Roughness Height (m)
0
Wall Roughness Constant
0.5
Rotation Speed (rad/s)
0
X-Position of Rotation-Axis Origin (m)
0
Y-Position of Rotation-Axis Origin (m)
0
Z-Position of Rotation-Axis Origin (m)
0
X-Component of Rotation-Axis Direction
0
Y-Component of Rotation-Axis Direction
0
Z-Component of Rotation-Axis Direction
1
X-component of shear stress (pascal)
0
Y-component of shear stress (pascal)
0
Z-component of shear stress (pascal)
0
Fslip constant
0
Eslip constant
0
Surface tension gradient (n/m-k)
0
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Specularity Coefficient
Convective Augmentation Factor
Enable Thermal Stabilization?
Scale Factor
Stabilization Method

0
1
no
0
1

interior-air-heat_sink-shadow
Condition
Value
----------------------------------------------------------------------------------------------------------------------------Wall Thickness (m)
0
Heat Generation Rate (w/m3)
0
Material Name
aluminum
Thermal BC Type
1
Temperature (k)
300
Heat Flux (w/m2)
0
Convective Heat Transfer Coefficient (w/m2-k)
0
Free Stream Temperature (k)
300
Enable shell conduction?
no
Layer
(((thickness . 0) (material . aluminum) (qdot (constant .
0) (profile))))
Wall Motion
0
Shear Boundary Condition
0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall?
no
Velocity Magnitude (m/s)
0
X-Component of Wall Translation
1
Y-Component of Wall Translation
0
Z-Component of Wall Translation
0
Define wall velocity components?
no
X-Component of Wall Translation (m/s)
0
Y-Component of Wall Translation (m/s)
0
Z-Component of Wall Translation (m/s)
0
External Emissivity
1
External Radiation Temperature (k)
300
Rotation Speed (rad/s)
0
X-Position of Rotation-Axis Origin (m)
0
Y-Position of Rotation-Axis Origin (m)
0
Z-Position of Rotation-Axis Origin (m)
0
X-Component of Rotation-Axis Direction
0
Y-Component of Rotation-Axis Direction
0
Z-Component of Rotation-Axis Direction
1
X-component of shear stress (pascal)
0
Y-component of shear stress (pascal)
0
Z-component of shear stress (pascal)
0
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Fslip constant
Eslip constant
Surface tension gradient (n/m-k)
Specularity Coefficient
Convective Augmentation Factor
Enable Thermal Stabilization?
Scale Factor
Stabilization Method

0
0
0
0
1
no
0
1

interior-air-heat_sink
Condition
Value
----------------------------------------------------------------------------------------------------------------------------Wall Thickness (m)
0
Heat Generation Rate (w/m3)
0
Material Name
aluminum
Thermal BC Type
1
Temperature (k)
300
Heat Flux (w/m2)
0
Convective Heat Transfer Coefficient (w/m2-k)
0
Free Stream Temperature (k)
300
Enable shell conduction?
no
Layer
(((thickness . 0) (material . aluminum) (qdot (constant .
0) (profile))))
Wall Motion
0
Shear Boundary Condition
0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall?
no
Velocity Magnitude (m/s)
0
X-Component of Wall Translation
1
Y-Component of Wall Translation
0
Z-Component of Wall Translation
0
Define wall velocity components?
no
X-Component of Wall Translation (m/s)
0
Y-Component of Wall Translation (m/s)
0
Z-Component of Wall Translation (m/s)
0
External Emissivity
1
External Radiation Temperature (k)
300
Wall Roughness Height (m)
0
Wall Roughness Constant
0.5
Rotation Speed (rad/s)
0
X-Position of Rotation-Axis Origin (m)
0
Y-Position of Rotation-Axis Origin (m)
0
Z-Position of Rotation-Axis Origin (m)
0
X-Component of Rotation-Axis Direction
0
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Y-Component of Rotation-Axis Direction
0
Z-Component of Rotation-Axis Direction
1
X-component of shear stress (pascal)
0
Y-component of shear stress (pascal)
0
Z-component of shear stress (pascal)
0
Fslip constant
0
Eslip constant
0
Surface tension gradient (n/m-k)
0
Specularity Coefficient
0
Convective Augmentation Factor
1
Enable Thermal Stabilization?
no
Scale Factor
0
Stabilization Method
1
wall-air
Condition
Value
----------------------------------------------------------------------------------------------------------------------------Wall Thickness (m)
0
Heat Generation Rate (w/m3)
0
Material Name
aluminum
Thermal BC Type
1
Temperature (k)
300
Heat Flux (w/m2)
0
Convective Heat Transfer Coefficient (w/m2-k)
0
Free Stream Temperature (k)
300
Enable shell conduction?
no
Layer
(((thickness . 0) (material . aluminum) (qdot (constant .
0) (profile))))
Wall Motion
0
Shear Boundary Condition
0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall?
no
Velocity Magnitude (m/s)
0
X-Component of Wall Translation
1
Y-Component of Wall Translation
0
Z-Component of Wall Translation
0
Define wall velocity components?
no
X-Component of Wall Translation (m/s)
0
Y-Component of Wall Translation (m/s)
0
Z-Component of Wall Translation (m/s)
0
External Emissivity
1
External Radiation Temperature (k)
300
Wall Roughness Height (m)
0
Wall Roughness Constant
0.5
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Rotation Speed (rad/s)
0
X-Position of Rotation-Axis Origin (m)
0
Y-Position of Rotation-Axis Origin (m)
0
Z-Position of Rotation-Axis Origin (m)
0
X-Component of Rotation-Axis Direction
0
Y-Component of Rotation-Axis Direction
0
Z-Component of Rotation-Axis Direction
1
X-component of shear stress (pascal)
0
Y-component of shear stress (pascal)
0
Z-component of shear stress (pascal)
0
Fslip constant
0
Eslip constant
0
Surface tension gradient (n/m-k)
0
Specularity Coefficient
0
Convective Augmentation Factor
1
Enable Thermal Stabilization?
no
Scale Factor
0
Stabilization Method
1
wall-heat_sink
Condition
Value
----------------------------------------------------------------------------------------------------------------------------Wall Thickness (m)
0
Heat Generation Rate (w/m3)
0
Material Name
aluminum
Thermal BC Type
1
Temperature (k)
300
Heat Flux (w/m2)
0
Convective Heat Transfer Coefficient (w/m2-k)
0
Free Stream Temperature (k)
300
Enable shell conduction?
no
Layer
(((thickness . 0) (material . aluminum) (qdot (constant .
0) (profile))))
Wall Motion
0
Shear Boundary Condition
0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall?
no
Velocity Magnitude (m/s)
0
X-Component of Wall Translation
1
Y-Component of Wall Translation
0
Z-Component of Wall Translation
0
Define wall velocity components?
no
X-Component of Wall Translation (m/s)
0
Y-Component of Wall Translation (m/s)
0
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Z-Component of Wall Translation (m/s)
0
External Emissivity
1
External Radiation Temperature (k)
300
Rotation Speed (rad/s)
0
X-Position of Rotation-Axis Origin (m)
0
Y-Position of Rotation-Axis Origin (m)
0
Z-Position of Rotation-Axis Origin (m)
0
X-Component of Rotation-Axis Direction
0
Y-Component of Rotation-Axis Direction
0
Z-Component of Rotation-Axis Direction
1
X-component of shear stress (pascal)
0
Y-component of shear stress (pascal)
0
Z-component of shear stress (pascal)
0
Fslip constant
0
Eslip constant
0
Surface tension gradient (n/m-k)
0
Specularity Coefficient
0
Convective Augmentation Factor
1
Enable Thermal Stabilization?
no
Scale Factor
0
Stabilization Method
1
air_inlet
Condition
Value
-------------------------------------------------Velocity Specification Method
2
Reference Frame
0
Velocity Magnitude (m/s)
4.392
Supersonic/Initial Gauge Pressure (pascal) 0
Coordinate System
0
X-Velocity (m/s)
0
Y-Velocity (m/s)
0
Z-Velocity (m/s)
0
X-Component of Flow Direction
1
Y-Component of Flow Direction
0
Z-Component of Flow Direction
0
X-Component of Axis Direction
1
Y-Component of Axis Direction
0
Z-Component of Axis Direction
0
X-Coordinate of Axis Origin (m)
0
Y-Coordinate of Axis Origin (m)
0
Z-Coordinate of Axis Origin (m)
0
Angular velocity (rad/s)
0
Temperature (k)
300
Turbulent Specification Method
2
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Turbulent Kinetic Energy (m2/s2)
1
Turbulent Dissipation Rate (m2/s3)
1
Turbulent Intensity (%)
5
Turbulent Length Scale (m)
1
Hydraulic Diameter (m)
1
Turbulent Viscosity Ratio
10
is zone used in mixing-plane model?
no
gas_inlet
Condition
Value
-------------------------------------------------Velocity Specification Method
2
Reference Frame
0
Velocity Magnitude (m/s)
1.992
Supersonic/Initial Gauge Pressure (pascal) 0
Coordinate System
0
X-Velocity (m/s)
0
Y-Velocity (m/s)
0
Z-Velocity (m/s)
0
X-Component of Flow Direction
1
Y-Component of Flow Direction
0
Z-Component of Flow Direction
0
X-Component of Axis Direction
1
Y-Component of Axis Direction
0
Z-Component of Axis Direction
0
X-Coordinate of Axis Origin (m)
0
Y-Coordinate of Axis Origin (m)
0
Z-Coordinate of Axis Origin (m)
0
Angular velocity (rad/s)
0
Temperature (k)
408
Turbulent Specification Method
2
Turbulent Kinetic Energy (m2/s2)
1
Turbulent Dissipation Rate (m2/s3)
1
Turbulent Intensity (%)
5
Turbulent Length Scale (m)
1
Hydraulic Diameter (m)
1
Turbulent Viscosity Ratio
10
is zone used in mixing-plane model?
no
gas_outlet
Condition
Value
--------------------------------------------------------Gauge Pressure (pascal)
0
Backflow Total Temperature (k)
300
E17

Backflow Direction Specification Method
1
Coordinate System
0
X-Component of Flow Direction
1
Y-Component of Flow Direction
0
Z-Component of Flow Direction
0
X-Component of Axis Direction
1
Y-Component of Axis Direction
0
Z-Component of Axis Direction
0
X-Coordinate of Axis Origin (m)
0
Y-Coordinate of Axis Origin (m)
0
Z-Coordinate of Axis Origin (m)
0
Turbulent Specification Method
2
Backflow Turbulent Kinetic Energy (m2/s2)
1
Backflow Turbulent Dissipation Rate (m2/s3)
1
Backflow Turbulent Intensity (%)
5
Backflow Turbulent Length Scale (m)
1
Backflow Hydraulic Diameter (m)
1
Backflow Turbulent Viscosity Ratio
10
is zone used in mixing-plane model?
no
Radial Equilibrium Pressure Distribution
no
Average Pressure Specification?
no
0
Specify targeted mass flow rate
no
Targeted mass flow (kg/s)
1
Upper Limit of Absolute Pressure Value (pascal) 5000000
Lower Limit of Absolute Pressure Value (pascal) 1
Solver Settings
--------------Equations
Equation Solved
------------------Flow
yes
Turbulence yes
Energy
yes
Numerics
Numeric
Enabled
--------------------------------------Absolute Velocity Formulation yes
Relaxation
Variable
Relaxation Factor
---------------------------------------------Pressure
0.3
Density
1
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Body Forces
1
Momentum
0.7
Turbulent Kinetic Energy 0.8
Turbulent Dissipation Rate 0.8
Turbulent Viscosity
1
Energy
1
Linear Solver
Solver Termination Residual Reduction
Variable
Type
Criterion Tolerance
-----------------------------------------------------------------------Pressure
V-Cycle 0.1
X-Momentum
Flexible 0.1
0.7
Y-Momentum
Flexible 0.1
0.7
Z-Momentum
Flexible 0.1
0.7
Turbulent Kinetic Energy Flexible 0.1
0.7
Turbulent Dissipation Rate Flexible 0.1
0.7
Energy
F-Cycle 0.1
Pressure-Velocity Coupling
Parameter Value
-----------------Type
SIMPLE
Discretization Scheme
Variable
Scheme
-----------------------------------------------Pressure
Second Order
Momentum
Second Order Upwind
Turbulent Kinetic Energy First Order Upwind
Turbulent Dissipation Rate First Order Upwind
Energy
Second Order Upwind
Solution Limits
Quantity
Limit
--------------------------------------Minimum Absolute Pressure
1
Maximum Absolute Pressure
5e+10
Minimum Temperature
1
Maximum Temperature
5000
Minimum Turb. Kinetic Energy 1e-14
Minimum Turb. Dissipation Rate 1e-20
Maximum Turb. Viscosity Ratio 100000
Pressure Vessel Metal Liner Simulation Report
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Pressure Vessel Composite Layer Simulation Report
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Appendix F
Additional Drawings and Pictures
Worthington Industries Pressure Vessel (ALT753VS)

F1

Worthington Industries Pressure Vessel (ALT745)

Heat Exchanger 1 and 3 Assembly with Fan Mounting

F2

Heat Exchanger 2 Re-Design Using liquid CO2 coolant

Heat Exchanger Fan Selection Decision Matrix

F3

LabVIEW Block Diagram

F4

LabVIEW Front Panel

F5

Appendix G
Future Contacts
Pressure Vessel Manufacturer
Worthington Industries
Steve Kraus
Key Account Territory Manager – Alternative Fuels
Email: Steven.kraus@worthingtonindustries.com
Phone: (614) 840 – 3083
Heat Exchanger Manufacturer
Lytron
Harold Bufe
Service Manager – North America
Email: hbufe@lytron.com
Phone: 1-781-970-6257
Heat Exchanger Manufacturer
Thermatron Engineering, Inc.
Joseph Townsend
Phone: (978) 687-8844
Fax: (978) 687-2477
Email: jtownsend@thermatroneng.com
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Heat Exchanger Manufacturer
Changzhou Vrcooler Refrigeration Co. Ltd
Bass Tang
Email: bcooler@vrcooler.com
Phone: +86-0519-88782189

Separator Manufacturer
Don
Email: dmech@didionsmech.com
Phone: 419 483-2226
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Appendix H
Resumes
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